[Plates 2, 3]
E XPERIMENTAL
The effect of pressure on the stationary flames of ethylene and ethylene-hydrogen mixtures burning in air I t was decided to investigate first the effect of pressure on the stationary flame of ethylene burning in air. The form of the apparatus used was precisely th a t described fully by Bone and Lamont (1934) . I t was found necessary to heat electrically the steel plugs holding the thick crystalline quartz windows by means of an external winding of nichrome wire, in order to prevent condensation of water on the windows.
The spectrum of the flame burning under these conditions a t atmospheric pressure, as recorded by the Hilger E488 quartz spectrograph, figure 7, a, plate 2, was similar in all respects to th a t shown by Vaidya (1934) . A mini mum air supply favoured the emission of the C2 band system, while excess air caused its almost complete disappearance, and an increase in the in tensity of the OH, CH and " ethylene flame" band systems. W ith this apparatus exposures of the order of 1 hr. were necessary to record with adequate intensity the " ethylene flame" system and the less intense OH bands.
On allowing the pressure in the flame chamber to increase, by impeding the exit of the products of combustion, it was observed th a t at some pressure less than two atmospheres, dependent on the ethylene-air ratio, the flame became yellow and smoky, emitting the characteristic " carbon aggregate" continuum, and depositing carbon on the windows to such an extent th a t further observation was impossible.
In an attem pt further to elucidate this phenomenon, the experiment was repeated with various mixtures of ethylene and hydrogen. Preliminary trials showed th a t a t atmospheric pressure the flame of any mixture con taining more than about 5-6 % of ethylene was spectroscopically identical with th a t of pure ethylene. On allowing the pressure to increase with such a mixture, it was first observed th at the flame became almost non-luminous, the spectrum showing a very pronounced decrease in the intensity of all the bands-in the visible region, only the OH bands persisting. Subsequently the flame became yellow and smoky, and carbon was deposited. The pressure range over which these changes were observed was dependent on the pro portion of ethylene in the mixture, being between 1 and 11 atm. for a 6 % ethylene-94 % hydrogen mixture, and between 1 and 2 atm. for a mixture containing 26 % of ethylene. The effect is clearly shown in figure 1 ,b ,c,d,e, f, plate 2. An attem pt was made to study the flame of ethylene burning in oxygen, but difficulty was experienced owing to the heating of the multitubular silica jet through which the ethylene passed, this causing its thermal decom position, and the blocking of the tubes with carbon.
Flames at reduced 'pressure An investigation of the burning of ethylene in air at pressures less than atmospheric was next made. Ethylene and air were drawn through oil-filled flowmeters, and allowed to mix at a T-piece, their rates of flow being adjusted by pinchcocks. The mixed gases passed along a tube packed with copper gauze, which served to complete the mixing and at the same time prevent the flame travelling back along it. The rate of flow of the mixed gases F ig u r e 1. Apparatus. was controlled by another pinchcock. The gases then entered the explosion tube A shown in figure 1, of diameter 1*7 cm. and length 22*5 cm., which was provided with clear fused quartz windows, sealed on with hard red wax, thence to the aluminium electrodes B, C, between which sparks were passed from a small induction coil. The explosion flame thus ignited passed back along the tube A against the gas stream, the spectrum being observed through either of the quartz windows. The dismountable trap, D, cooled in a solid carbon dioxide-acetone mixture, served to condense any liquid products of combustion. The gaseous products passed through the tube E F ig u r e 7. Continuous flames of ethylene and of ethylene-hydrogen m ixtures burning in air a t varying pressures, (a) P ure ethylene a t atm ospheric pressure, (b) 7-5 % C2H 4-9 2 -5 % H 2 a t atm ospheric pressure, (c) 7-5% C2H 4-92-5% H 2 a t 2 atm o spheres. (d) 7-5% C2H 4-9 2 -5 % H 2 a t 5 atm ospheres, (e) 7-5% C2H 4-9 2 -5 % H 2 a t 7 atm ospheres. ( /) 7-5% C2H 4-9 2 -5 % H 2 a t 1.1 atm ospheres. and a pinchcock to the Leybold rotary oil pump. A gas burette connected at F served to draw off samples of the unexploded mixture; the samples of gaseous products were taken at the exit tube of the pump. A mercury manometer at G served to measured the pressure in the explosion tube. Normally the process was continuous, the explosion flames passing through the tube spontaneously at intervals of a few seconds or less, but in the case of the slower flames it was possible, if desired, to hold the flames stationary in A by careful adjustm ent of the pinchcocks, so th at the velocity of the flame was accurately balanced by the feed velocity of the mixture under investigation.
In connexion with the examination of the spectra of the explosion flames a t reduced pressure, the apparatus provided a convenient means of deter mining at all pressures below atmospheric the complete inflammability ranges under the conditions of the experiment, and these have been plotted in the case of all the mixtures examined. It is im portant to note, however, th at the limits so determined do not obey the usual criterion of ability to propagate flame throughout the whole length of the tube, but pertain to all possible forms of flame which passed into the observation tube A, since it was intended to make a spectrographic examination of all types of flame, including " flame caps" .
By suitable adjustm ent of the pinchcocks it was possible to observe the changes in the nature of the flame brought about either by variation of the pressure with a given mixture, or by variation of the mixture at a constant pressure. In the latter circumstance the results were somewhat striking; figure 8, plate 3, records the emission from the flames of a series of mixtures of increasing ethylene content, exploded at 600 mm. pressure. With the very weak mixtures, containing only 3-4 % of ethylene, the flame was blue in colour, and the bands of OH and CH, and the " ethylene flame " system, were emitted strongly; no trace of the C2 bands was observable. As the proportion of ethylene was increased to about the " theoretical" C2H4 : 3 0 2 ratio, the flame became violet in colour, and was propagated at high speed; it was also characterized by a strong emission of the OH and CH bands, with a moderate emission of the C2 and " ethylene flame" bands. With still greater increase in the ethylene content of the mixture, the flame became brilliantly green in colour; the OH and CH emission was recorded very strongly, but the C2 bands had now become predominant to an extent such as to give rise to the striking green coloration of the flame. The " ethylene flame " system was relatively weak under these conditions. These flames are the characteristic " green flames" observed initially in the case of di-ethyl ether by Townend and Chamberlain (1937) , and which have since been the subject of further investigation by Townend and Hsieh (1939). As the ethylene content of the mixture was increased still further, in the present case to about 12*1 % , an abrupt change was observed in the nature o flame, which appeared with a blue head followed by a yellow smoky tail, car bon being deposited on the surface of the tube. The spectrum showed that the C2 bands had entirely disappeared, while the " carbon aggregate " continuum was strong; this was accompanied by a weak emission of CH and OH, the " ethylene flame" system being entirely absent. With still greater ethylene concentrations, approaching the limit of inflammability, only the continuous emission was observed, OH and CH having also disappeared. The spectra observed with these mixtures were also very similar, showing much the same variation in the intensity of the CH, OH, C2 and " ethylene flame" bands, as will be seen from the indications of intensity given on the diagram. With the 0 2: 2N 2 mixture the range over which the flame exhibited the characteristic green colour associated with the predominant emission of the C2 bands was somewhat narrowed, but these bands remained at con siderable intensity over a wide region of the inflammable range. Although this glass apparatus sufficed for the determination of the limiting mixtures even for the 0 2 : 2N 2 mixture at the higher pressures, it was evident that the explosions in the middle of the range were much too violent td be carried out in a glass apparatus. Accordingly a small nickel steel explosion bomb was modified by the provision of plugs carrying thick crystalline quartz windows, with suitable additional plugs along its length to serve for the addition and removal of the gases, and for the determination of the pressure, and a further central aperture to admit a standard 9 mm. sparking plug. The details of the construction of this bomb are shown in figure 5. Preliminary experiments having shown that considerable corrosion of the internal surface of the bomb was caused by the reactive heated gases generated by the explosion, a "Staybrite" steel liner was fitted to the explosion chamber, together with disks of similar material on the ends of the plugs which were exposed to the gases.
The procedure adopted to provide a gas-tight seal between the quartz windows and the steel end plugs was as follows. The window having been ground with a taper of 11°, and the corresponding taper in the end plug roughly ground by means of a copper plug to be as nearly as possible similar, a silver mirror was deposited on one end and the circumferential surface of the window, and a hard layer of copper, several hundredths of an inch thick, electro-deposited on this from an ammoniacal copper cyanide solution, using a very low current density. The end surface was then cleaned, and the window lightly rubbed into the plug with a rotary motion, until it was in contact with the steel throughout its length, a little rouge being used to accelerate the process if desired. The window was then " w rung" into the plug with the exercise of some considerable pressure, causing the copper to " flow" a t the surface of contact. Joints made in this way have proved very satisfactory in use over long periods.
The same arrangement of flowmeters, manometer, mixing tube and pump was used as with the glass explosion tube. Preliminary tests showed th at the explosion range for a given enriched air mixture was considerably narrowed on the rich mixture side. On the other hand, for normal mixtures the emission was spectroscopically identical with th at observed for the same mixture in the glass explosion tube. This fact having been established it was possible to extend the observations to pressures approaching atmo spheric in the case of the 0 2 : 2Na mixture.
The spectra emitted under these conditions were not markedly different from those of the less rich air mixtures. Some iron atom lines were visible on the plates, arising undoubtedly from the processes responsible for the corrosion noted previously; in some cases, also, weak band systems, appar ently those of FeO, were visible on the plates. Copper lines were almost invariably present to some extent, due to contamination from the copper gauze or the copper capillary pipe used in the connexions.
The explosions of ethylene-oxygen mixtures were then examined; these were naturally very much more violent, and it was found th a t only those at relatively low pressures, or those of very rich or very weak mixtures at higher pressures, could safely be carried out in this apparatus. The explosion limit curve observed is given in figure 4 . A region of carbon deposition, accompanied by the emission of the characteristic continuum, was observed in this case also, and is indicated on the diagram up to a pressure of some 400 mm., which was the highest pressure at which the appropriate mixture could be safely exploded in this apparatus.
The spectra of a representative set of mixtures at pressures of 100-150 mm. are given in figure 9, plate 3. I t will be noted th at the band systems emitted are precisely those obtained in the mixtures containing nitrogen, and th a t the variation of intensity of these bands is very similar to th at observed previously, except th at the " ethylene flame" system occurs only over a very narrow range close to the explosion limit for weak mixtures. OH and CH bands persist throughout this range, while the C2 bands, which are not apparent with mixtures containing less than some 8 % of ethylene, increase in intensity with increasing ethylene content until, at 150 mm., they dis appear abruptly at some 44% ethylene, and the " carbon continuum " becomes prominent, accompanied only by some faint OH and CH emission. With mixtures of the order of the " theoretical" C2H 4: 3 0 2 a somewhat different continuous spectrum, fairly uniformly distributed throughout the visible and near ultra-violet regions, is superposed on the band systems. Considerable emission of the lines of iron and copper are observed in all the plates, except those of the weakest mixtures.
Static explosions in the steel explosion bomb
In order to extend the investigation to pressures greater than atm o spheric, and to ethylene-oxygen mixtures which could not be safely exploded in the flow system just described, some plates were obtained by exploding previously mixed gases confined in the same steel explosion bomb, the system being evacuated and refilled between each explosion. The arrange ment of the filling system was quite conventional; the explosive mixtures were made up and stored in a separate high pressure cylinder. Pressures up to two atmospheres were measured with a mercury manometer, and higher pressures by means of a Bourdon gauge. Initial and final pressures were measured in each case, and samples of the initial mixture and gaseous explosion products taken for analysis. After filling the bomb to the requisite pressure, the filling valve was tightly closed, and the connexion between it and the rest of the system evacuated, before firing the charge.
The first set of experiments was made with ethylene-air mixtures of varying composition, in order to determine the position of the carbon deposition limit at pressures above atmospheric. In agreement with the results obtained when working with stationary flames under pressure, it was found th at for any given mixture there was some pressure above which carbon deposition occurred. In the case of mixtures weak in ethylene, it was very difficult to determine the carbon deposition point, as the total luminosity of the flame was small, and moreover a certain amount of con tinuous emission fairly uniformly distributed throughout the spectrum was superposed on the band systems at pressures lower than that at which the deposition was observed. As far as could be ascertained, carbon deposition accompanied by the emission of the " carbon aggregate" continuum took place initially at 1500 mm. for the mixtures lowest in ethylene content within the inflammable range in the apparatus employed. No new band systems were observed, and the intensity changes in the CH, OH and C2 systems as the composition was varied were similar to those observed at lower pressures. See figure 10, plate 2.
Experiments were also carried out with ethylene-oxygen mixtures of varying composition at initial pressures up to two atmospheres. Above this pressure the quartz windows were liable to failure due to internal cracking. The emission observed under these conditions was very different from that at lower pressures, the characteristic feature, except with mixtures of high ethylene content, being the development of an intense continuum having its intensity maximum in the violet, and stretching well into the ultra-violet region. On this was superposed some emission of the OH bands, together with lines of copper and iron. No trace of the CH, C2 or " ethylene flame" systems was observed at pressures greater than some 300 mm. With very rich mixtures, i.e. of ethylene content more than 50 %, only the characteristic " carbon aggregate" continuum was observed. With some 40 % of ethylene in the mixture, the " vio let" continuum was also developed, together with faint emission of the OH bands, and lines of copper and iron. At higher pressures, approaching two atmospheres, the copper lines at AA 3240, 3270 A were in reversal. Weaker mixtures, containing for example about 20 % of ethylene, showed only the continuous emission, together with copper and iron lines, at pressures above 400 mm. At higher pressures, approaching two atmospheres, there was some indication that the OH bands were present in absorption, while the reversal of the copper lines at AA 3240, 3270 A was well marked. With mixtures containing only some 10 % of ethylene, the continuum was again very strongly developed throughout the spectrum at all pressures, but the OH emission was faintly visible at pres sures up to atmospheric. At pressures of the order of two atmospheres, however, the OH band was clearly in absorption.
The condensable products of the flames of ethylene in air
As previously stated, a trap cooled with a solid carbon dioxide-acetone mixture was attached to the pyrex explosion tube; the condensate in the trap was examined in an attempt to study the variation of these products with composition and pressure.
The procedure adopted was briefly as follows: the rate of flow of the ethylene was maintained as nearly as possible a t 4-5 l./hr., and the air flow and exit pinehcocks adjusted to allow the required mixture to ignite at a predetermined pressure. In each case a run was continued for 1 hr., then the bottom of the trap removed, some 10 c.c. of water added, and the sample allowed to attain room temperature. The liquid was then made up to 30 c.c. and submitted to the tests described below. The total acid in the mixture was first estimated by titration of 10 c.c. of this solution against a standard caustic soda solution, using phenolphthalein as indicator. Next the total aldehyde was determined by adding an excess of neutralized hydroxylamine hydrochloride, allowing to stand for 15 min., and titrating the hydrochloric acid released against standard caustic soda solution, using brom-phenol blue as indicator. Formaldehyde was estimated separately by comparison of the colour developed with Schiff's reagent against th at of standard formaldehyde solutions, using a simple form of colorimeter. The remainder of the stock solution was tested for the presence of peroxide by addition of an acid solution of titanic sul phate. Standard solutions of hydrogen peroxide permitted a quantitative determination by comparison of the intensity of the colour produced.
Experiments were made at 300, 400, and 500 mm. with sets of representa tive ethylene-air mixtures. The results show some unsystematic variation probably accountable by the fact th at in some cases the explosion flame travelled right down into the trap, while in others it was only propagated into the explosion tube itself. They show, quite clearly, however, th at the formation of both acid and aldehyde passes through a minimum in the region of the " theoretical" C2H4: 30 2 mixture, at which the amounts of both products observed were negligibly small; in the case or the acid forma tion, the amounts rise regularly as the mixture is progressively weakened or enriched, to a value of some 6 x 10~5M, i.e. about 0-03 % of the ethylene burned; the total aldehyde formation, on the other hand, increases very rapidly with the richer mixtures, to some 40 x 10~5 M, or 0*2 % of the ethylene burned for the mixtures near the upper inflammability limit. W ith very weak mixtures the aldehyde formation also tends to increase, but to a much less extent, some 5 x 10-5 M being obtained with mixtures containing 4 % of ethylene. The estimation of formaldehyde was probably not so accurate as th at of the total aldehyde, and the results obtained show more variation, but in general about 80-90 % of the total aldehyde was formaldehyde. The peroxide tests gave erratic results, being often entirely negative, and in no case exceeding 2 x 10~5 M. Values of this order were obtained for both very rich and very weak mixtures, but those near the " theoretical" mixture were always negative. No certain indication of the effect of pressure on the formation of any of these products could be observed over the range investigated.
Systematic tests over the full range were not made in the case of the ethylene-enriched air and ethylene-oxygen mixtures, but the indications were that both qualitatively and quantitatively the formation of these products was similar in all cases. A curve of the inflammability limits was first determined, and is given in figure 6 . Examination of the spectrum showed that the same band systems of OH, CH and C2, and the " ethylene flam e" were emitted, no other bands being observed (see figure 11, plate 3) . The variation of intensity of these bands was also similar to that of ethylene, and is indicated on the diagram. The only outstanding difference was that there was no region in which carbon deposition occurred, within the pressure range examined. The characteristic " green flame " due to preponderance of C2 emission stretched right up to the upper limit even at the highest pressures investigated, the range observed here being more extensive than that given by Townend and Hsieh (1939), but it is certain that this phenomenon is dependent on tube diameter, since it was noted that with certain less rich mixtures, flames which appeared blue in the main explosion tube became green when they entered the narrow tube which served to connect the manometer to the system. This fact will be discussed further in a later section.
Propane-air explosion flames at reduced pressure

D isc u ssio n
The application of emission spectra to the elucidation of the mechanism of chemical reaction
The recognition of the possible importance of the part played by free radicals in flame and explosion reactions has given an added interest to observations of the emission spectra of such processes, since these methods allow of the identification of certain radicals present in the system, and may in some cases give information concerning the relative abundance of such species under different conditions. In attempting to apply the data obtained by this method to the determination of the nature of the chemical processes involved, a number of factors must be taken into consideration. It must first be recognized that the absence of an emission spectrum cha racteristic of a particular molecule or atom must not be assumed as a criterion that such a species is not present in the system. It is possible that the energy levels of the particle involved may be such as not to give rise to an emission spectrum in the region observed; or, alternatively, if such a spectrum is known to exist, the conditions of excitation in the system may not give rise to the formation of a sufficient number of excited molecules in the upper level involved in the transition. Again, the observation of an emission spectrum may be prevented by self-absorption, if the population of the appropriate lower level is sufficiently high, leading finally to the reversal of the spectrum. Further, it is most important to recognize that the species giving rise to an emission spectrum are not ipso facto those which are of importance in the main course of the chemical reaction occurring in the system; for example, we may visualize the formation by a relatively slow reaction,, of a particular molecule which subsequently reacts rapidly with some other species; then, although the actual amount of this molecule formed during the course of the reaction may be very large, it is certain that the stationary concentration will never be adequate to give rise to an emission spectrum arising through normal thermal excitation, even if the other conditions necessary for the emission of such a spectrum are fulfilled.
It must also be recognized that the production of excited molecules in flame and explosion processes may take place by any of four separate methods, that is, by collision with particles of high kinetic energy derived from thermal agitation of the system owing to the heat liberated in the chemical reaction, by collisions with other excited species, by the direct formation of elec tronically excited molecules by chemical reaction, and by excitation con sequent upon light absorption. The application of emission spectra data to the elucidation of the mechanism of chemical reaction is a complex problem, in which it is necessary to take into account all of the above-mentioned factors. With regard to the persistence of the C2 bands in the mixtures of greater oxygen content, it has been noted th at in the present experiments with propane-air mixtures, the range over which the flame was predominantly green in colour was considerably wider than th a t observed by Townend and Hsieh (1939) , and it has been suggested th at this phenomenon is related to the diameter of the explosion tube. I t is to be expected on theoretical grounds th at the 3/7C2 molecules will react readily with molecular oxygen in the ground state, and it would appear probable th a t the temperature coefficient of this reaction accounts for the observed effect.
osition and " green flam es in explosion processes
The persistence of CH bands throughout the entire range, except for mixtures very rich in ethylene, is in accord with the theoretical expectation th a t these molecules, being in a 277 state, will not readily react with oxygen molecules in the lowest 327 state.
The observation of the reversal of the OH bands in ethylene oxygen mixtures at the higher pressures is interesting, particularly as it seems generally accepted th a t the formation of OH radicals plays a predominant part in the combustion of hydrogen. If the range of pressures examined had not been sufficiently extensive, it might well have been assumed th at the disappearance of the OH emission with increasing pressure was indicative of the suppression of the formation of OH molecules. It should be noted th a t Bell (1937) has explained the observed diminution with increasing pressure of the intensity of the OH systems in methane-oxygen mixtures as directly caused by the suppression of the formation of OH molecules, but it would appear possible that the phenomenon was caused by self-adsorption as in the present case.
I!
The origin of the " ethyl bands
The observations of the variation of intensity of the " ethylene flame" bands would seem to confirm the suggestion th at the emitter of this system is a molecule containing oxygen. Although no direct evidence of the precise nature of this molecule can be obtained from the present experiments, the fact th at the maximum intensity of this system is observed in the very weak mixtures when only CH and OH molecules are observed in emission would seem to render plausible the suggestion th at the molecule concerned may well be an isomeric formaldehyde molecule of the form HC-OH. The characteristics of the observed band system are such as might be expected from a molecule of this type, while its formation would provide a possible explanation for the observed increase in the production of formaldehyde in the combustion of mixtures containing a large excess of oxygen. * * It is suggested that the so-called " ethylene flame bands" which also occur in the spectra of propane and other hydrocarbon flames are possibly emitted by an isomeric formaldehyde molecule, HC.OH.
